P
ulse oximetry is widely utilized in emergency medical settings for the immediate evaluation of a patient's oxygenation status. The technology provides an instantaneous, noninvasive, in vivo estimate of arterial hemoglobin saturation with oxygen. Emergency department pulse oximetry screening with detection of unsuspected hypoxemia has been shown to result in significant changes in medical treatment, 1,2 leading some to recommend that routine pulse oximetry be performed when evaluating unselected patients presenting with illness. 2 Four species of hemoglobin typically circulate in adult blood-oxyhemoglobin (O 2 Hb), reduced or deoxyhemoglobin (RHb), methemoglobin (MetHb), and carboxyhemoglobin (COHb). At normobaric ambient pressure, arterial oxygen content is almost completely accounted for by oxygen bound to hemoglobin. Dissolved oxygen contributes little to arterial oxygen content, even during administration of supplemental oxygen. As such, oxygen delivery to tissue is dependent on the concentration of O 2 Hb. A variety of terms exist to describe the oxygen saturation of arterial hemoglobin. 3, 4 Fractional saturation is measured spectrophotometrically by a CO-oximetry as O 2 Hb/(O 2 Hb ϩ RHb ϩ COHb ϩ MetHb) ϫ 100%. Functional saturation has been described as O 2 Hb/(O 2 HbϩRHb)ϫ100%. Functional saturation therefore excludes hemoglobin species that cannot carry oxygen and describes the oxygen bound to hemoglobin as a percentage of the oxygen binding capacity.
Pulse oximetry estimates of arterial hemoglobin oxygenation are generally accurate because dyshemoglobins are usually present in only small amounts. In such instances, functional hemoglobin saturation approximates fractional hemoglobin saturation. Among the reported sources of error for the technique, however, is the presence of a significant [5] [6] [7] [8] Significant dyshemoglobinemia results in divergence between functional and fractional hemoglobin saturation.
In the case of carboxyhemoglobinemia, a false reading from pulse oximetry may be especially misleading. Carbon monoxide (CO) binds avidly to hemoglobin at sites that normally carry oxygen, reducing arterial oxygen binding capacity. When arterial hemoglobin is partially saturated with CO, pulse oximetry measurements have been shown to overrepresent true arterial fractional hemoglobin saturation with oxygen in both an animal model 9 and limited numbers of humans. 10 -13 The present study was performed to further investigate this phenomenon in a large group of patients with severe CO poisoning and to evaluate the degree of pulse oximetry error in the presence of high levels of COHb in humans.
Materials and Methods
Records of all patients treated with hyperbaric oxygen for acute CO 
Results
In the decade reviewed, 740 patients were treated for acute CO poisoning with hyperbaric oxygen. Among those, 30 had COHb levels Ͼ25.0% in conjunction with documented simultaneous ABG analysis and measurement of Spo 2 . As these measurements were performed in the emergency departments of referring hospitals and abstracted from medical records transferred with the patient, information regarding the brand or model of pulse oximeter, ABG analyzer, and CO-oximetry was not available.
A total of 22 male and 8 female patients comprised the study group. They ranged in age from 20 to 91 years, averaging 46Ϯ19 years (meanϮSD). Sources of the CO exposure included motor vehicles (21), fires (5), gasoline generators (2), propane stove (1), and miscellaneous gasoline engine (1) . The reason for the exposure was accidental in 15 instances and intentional in 15 instances. Twenty-four of the patients (80%) lost consciousness with the poisoning episode.
Laboratory data are summarized in Table 1 . COHb levels ranged from 25.2 to 54.0% (mean, 36.9%Ϯ8.9%). In all 30 patients, Spo 2 was Ͼ90%. All patients except three (patients 10, 12, 30) were receiving supplemental oxygen when data were obtained. Figure 1 compares Spo 2 with COHb levels. While the slope of the best fit line was significantly different from zero (slopeϭϪ0.13, y intercept ϭ101.3, rϭϪ0.40, pϭ0.0304), it can be seen from the graph that Spo 2 shows only minor dependence Figure 2 . By the comparison method of Bland and Altman, 15 there is significant discrepancy between the two measurements (bias 31.9; 95% confidence interval, 28.3, 35.5). The difference between Spo 2 and fractional Sao 2 ranged from 24.0 to 43.4%. COHb was greater than the Spo 2 -fractional Sao 2 difference in 10 patients, equal in 1 patient, and less in 4 patients.
As was the case with Spo 2 , Sao 2 (calc) from ABG analysis was Ͼ90% in all patients. As can be seen in Table 1 , Sao 2 (calc) was less than Spo 2 in 3 patients, equal in 4 patients, and greater than Spo 2 in 23 patients. The difference between them is graphed in Figure 3 as a function of COHb. Linear regression analysis demonstrates a weak but statistically significant correlation between increasing COHb and the increasing difference between Sao 2 (calc) and Spo 2 (rϭ0.55, pϭ0.0018).
Discussion
Pulse oximetry is a noninvasive method for measurement of arterial oxygenation. Several excellent reviews describing the method have been published. 3, 8, 16 In brief, the technique transmits two wavelengths of light through tissue (typically 660 and 940 nm), measuring changes in absorbance at each wavelength over time. Light absorption by tissue is cyclic due to cardiac cycling and the resultant pulsation of arterial blood into the tissue bed. The pulse oximeter measures the change in light transmitted during diastole (background) from that during arterial pulsation and attributes the difference to absorbance by arterial blood entering the monitored field. Each form of hemoglobin has a characteristic light absorption pattern (extinction curve) (Fig 4) . O 2 Hb and RHb are the two forms of hemoglobin present in arterial blood in greatest amounts under normal conditions. Because they have different extinction curves, it is possible to estimate the relative amounts of each present, utilizing knowledge of their light absorption characteristics at each of the two wavelengths.
To measure Spo 2 , pulse oximetry creates ratios of the intensity of light transmitted at each of the two wavelengths during both the constant and fluctuating (pulsatile) phases. The technique then combines those ratios to produce a reading from a "look-up" table of saturation values based on experimental data from healthy adult volunteers and programmed into the device. 3, 16 The degree to which Spo 2 approximates either fractional or functional saturation depends on the degree to which hemoglobin species other than O 2 Hb and RHb are present in the monitored tissue, as well as to the average levels accounted for in the "look-up" table by the device manufacturer.
A 1987 laboratory study by Barker and Tremper 9 examined the effect of an elevation in COHb on pulse oximetry measurements in dogs. They measured the degree to which a pulse oximeter overestimated arterial hemoglobin oxygen saturation in the presence of carboxyhemoglobinemia, demonstrating that Spo 2 declines to a small degree as COHb increases, at constant inspired oxygen concentration. In an animal breathing 100% oxygen (predicted Sao 2 100%), Spo 2 was found to measure approximately 94% when COHb was raised to 50%. A number of subsequent publications, however, reported that pulse oximeters interpret COHb almost exactly as O 2 Hb and that Spo 2 represents the sum of O 2 Hb and COHb. 8,10 -13,17 It has been observed that pulse oximeters could only interpret COHb as O 2 Hb if the two species had identical absorption coefficients at both 660 nm and 940 nm, which they do not. 4 COHb and O 2 Hb have similar absorption characteristics at 660 nm, but not at 940 nm (Fig 4) . The effect of COHb on Spo 2 must therefore be something other than exact measurement as O 2 Hb, a concept suggested by the early work of Barker and Tremper. 9 In the present study, Spo 2 correlated poorly with extremely elevated COHb levels and grossly overestimated O 2 Hb% in a group of patients with severe impairment in oxygen binding capacity due to COHb formation (Figs 1, 2) . While other investigators have described similar findings, data from only a small number of patients with CO poisoning of this severity have been published. An extensive English-language literature search yielded comparisons of pulse oximetry readings with other measures of arterial oxygenation in only seven patients with COHb elevation to the degree reported herein (COHbϾ25.0%). 10 -12 These limited clinical data have made it difficult to accurately describe the degree of effect of extreme elevation of COHb on Spo 2 .
The difference between pulse oximetry Spo 2 and O 2 Hb% has been described as the "pulse oximetry gap." 10 COHb has been reported to approximate the pulse oximetry gap in previous studies involving limited numbers of patients. 10 -12 In the present study, the pulse oximetry gap was less than COHb in 19 patients (73%). This suggests that while the presence of COHb falsely elevates the Spo 2 readings made by presently available pulse oximeters, the amount of that elevation is generally less than the COHb percentage. The similar extinction coefficients for COHb and O 2 Hb at 660 nm contribute to this phenomenon, but the differing extinctions at 990 nm result in a contribution to the pulse oximeter reading that is usually less than the amount of COHb present. In other words, COHb is seen similarly, but not entirely, as O 2 Hb by current generation pulse oximeters. Barker and Tremper 9 first noted this in their canine study.
The degree to which Spo 2 is less than Sao 2 (calc) is dependent on the amount of COHb present (Fig 3) . As COHb increases to extreme levels, the fact that it is not interpreted exactly as O 2 Hb becomes increasingly apparent, especially when COHb is Ͼ40%. Clinical reports on this topic have included only three patients with COHb levels Ͼ40%, 10,12 likely contributing to difficulty in recognizing the phenomenon. When published data from those patients are reexamined closely, however, the pulse oximetry gap (measured or calculated) is indeed seen to be less than the COHb percentage in two of the three. It is interesting to compare the degree to which Spo 2 is less than the predicted Sao 2 in the current group of patients with that observed in dogs by Barker and Tremper. 9 For a patient with COHb 50%, the Sao 2 predicted from ABG analysis is approximately 5% greater than the observed Spo 2 (Fig 3) , almost identical to the value seen in their animal model. In patients without significant levels of COHb or MetHb, functional oxygen saturation approximates fractional saturation. In such instances, pulse oximetry should be expected to reliably estimate both, assuming that another of the known causes for device error does not interfere. Among patients with markedly elevated COHb levels, however, Spo 2 grossly overestimates O 2 Hb% potentially providing a false sense of security with regard to arterial oxygenation. In the present study, two thirds of the patients demonstrated Spo 2 values at or above the normal range (97Ϯ1%), despite significant reduction in arterial oxygen content due to carboxyhemoglobinemia.
While screening of emergency department patients with pulse oximetry may identify patients with previously unsuspected hypoxemia, the potential for false-negative results in patients with dyshemoglobinemia must be recognized. This is an issue of significant magnitude, as Ͼ40,000 patients with CO poisoning are estimated to present to emergency departments in the United States each year. 18 Until pulse oximeters are developed that accurately account for elevations in COHb and MetHb, physicians must maintain high vigilance for CO poisoning and remember to assess both COHb levels and arterial oxygen content with CO oximetry in appropriate clinical situations.
